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ABSTRACT 
 
This paper introduces the responses of two substandard reinforcing details exterior beam-column T connections, 
which were upgraded by a new retrofitting method using concrete covers and carbon fiber reinforced polymer 
(CFRP). Two reinforced concrete (RC) exterior beam-column connections without transverse reinforcement at 
the joints were cast and tested. A mix of epoxy resin and 20% thickener was used to glue the first connection 
(the Strengthened specimen, TS) with the concrete covers around the column at the joint area to modify it from 
a square to a circular section and then it was wrapped with CFRP to strengthen. A load was first applied on the 
second connection (the Repaired specimen, TR) to cause a serious failure then it was repaired. The repair 
scheme of the second connection was identical to the first connection. Results of testing the two connections 
have shown that the shear strength and ductility of both the strengthened and the repaired connections were 
improved significantly. The glued concrete covers not only increased the volume of the joint so that increase its 
shear strength but also helped in increasing the CFRP effectiveness by increasing the confinement effect on the 
concrete and reduce the possibility of CFRP debonding at the joint regions.  
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INTRODUCTION  
 
Beam-column T connection is one of the most critical component of RC structures, especially if the connection 
is substandard reinforcing details and subjected to cyclic lateral loads, for example, during earthquake. Failure 
of RC connections in general and of RC T connections in particular often lead to partial or total collapses of the 
whole structures (Doǧangün 2004, Zhao et al. 2009). In fact, many RC frames were originally designed to carry 
only gravity loads. They lack the ductility and strength to present a global failure mechanism caused by cyclic 
loading. These structures typically have non-ductile reinforcement at the beam-column joint areas in terms of 
inadequate transverse reinforcements. Therefore, strengthening of substandard reinforcing details exterior beam-
column T connections built in seismic areas has been an essential requirement. 
 
Several methods have been proposed to retrofit RC T connections in recent years. They include epoxy repair, 
removal and replacement, concrete jacketing, concrete masonry unit jacketing and steel jacketing (Engindeniz et 
al. 2005). Although these methods were known to have the ability to improve the performance of the retrofitted 
connections, they had some limitations such as complicated, expensive construction and corrosion problems. 
Another method for retrofitting RC T connections was using steel straps (Hadi 2011). This method, however, 
could not fully restore the performance of the destructed RC T connections. Externally bonded fiber reinforced 
polymer (FRP) has been considered as the supreme method for retrofitting RC T connections as it can eliminate 
some important limitations of other conventional retrofitting methods. 
 
The efficiency of the FRP retrofitting method depends on how much the anchor systems can delay or prevent 
debonding and/or bulging of FRP from the concrete surface. Unexpectedly, debonding of FRPs was observed in 
most experimental studies that used FRP for strengthening beam-column connections (Antonopoulos and 
Triantafillou 2003, Li and Chua 2009 Al-Salloum et al. 2011, Akguzel and Pampanin 2010). Several methods 
have been suggested to stop or delay debonding of externally bonded FRP layers. They are including the 
application of FRP transverse anchors, Fibre-Anchors with anchor bolts and protruding fibers, FRP anchor fans, 
bolted steel plates (Li and Kai 2011, Al-Salloum and Almusallam 2007, Akguzel and Pampanin 2010, Alsayed 
et al. 2010, Al-Salloum et al. 2012). Although considerable effort have been paid for improving the anchor 
systems, FRP debonding was still one of the main reasons for failure of the tested specimens (Sezen 2012). 
 
 
 
The application of externally FRP not only improves shear strength but also increases ductility and energy 
dissipation of the retrofitted RC connections (Prota et al. 2004, Al-Salloum and Almusallam 2007, Parvin and 
Wu 2007, and Alsayed et al. 2010). The presence of FRP in the retrofitted connections not only contributes 
directly on shear strength through tie mechanism but also improves the properties of concrete by confining 
effect. Many researchers (Shrestha et al. 2009, Al-Salloum and Almusallam 2007, Alsayed et al. 2010) have 
pointed that the confinement of joints caused by externally FRP leads to the improvement in the performance of 
the retrofitted connections. However, in the previous studies, most of the retrofitting techniques were bonding 
FRP at the joints around square or rectangular sections of the columns and/or beams, which may give little 
confinement for concrete. In this study, in order to retrofitting a RC T connection, the column of the connection 
was firstly modified from a square to a circular section and then CFRP was externally applied. The application 
of CFRP on the modified circular section can effectively increase the efficiency of CFRP on confining concrete 
and reduce the possibility of CFRP debonding. This beneficial effect have been proved by the recent study 
conducted by Hadi et al. (2013) on strengthening square columns. 
 
As most of the experimental studies for retrofitting RC T connections, this study aims at four major objectives. 
The first objective is to improve shear strength of the retrofitted specimen. The second objective is to change the 
failure mode from brittle shear failure at the joint location to a more ductile flexural failure in the beam. The 
third objective is to increase the confinement effect of CFRP and the final objective is to prevent or delay the 
bulging or debonding of CFRP. Results of testing two retrofitted RC T connections, which are presented in this 
paper, showed that all the experimental objectives were successfully achieved. 
 
EXPERIMENTAL PROGRAM 
 
Design of the specimen 
 
Two identical RC T connections were constructed. One specimen was used for strengthening from original, 
denoted as Specimen TS (the Strengthened T connection). For the second specimen, Specimen TR (the Repaired 
T connection), a load was applied to cause serious shear failure at the joint and then it was used for repair. The 
design of the connections is typical for substandard reinforcing details frames with the lack of joint transverse 
reinforcement. The reinforced design and dimensions of the specimens are shown in Figure 1. The column is 
2800 mm high with cross section dimensions of 200 mm x 200 mm. The beam’s length is 1400 mm from the 
face of the column to the free end with cross section of 200 mm x 300 mm. Six N16 (16 mm deformed bars with 
500 MPa nominal tensile strength) bars were placed as the longitudinal column reinforcement and R10 (10 mm 
plain bars with 250 MPa nominal tensile strength) ties, spaced at 100 mm centers, were used as transverse 
reinforcement. No transverse reinforcement was installed in the beam-column joint. The top and bottom 
longitudinal reinforcement of the beams were four N12 bars each.  These bars were anchored at the joints by 90-
degree standard hooks, facing into the joint.  R10 stirrups, spaced at 75 mm centers for 650 mm from the 
column face then at 150 mm centers for 450 mm, ending at 83 mm centers for 300 mm from the free end of the 
beam were used as transverse reinforcement of the beam.  
 
Material properties and application 
 
Normal strength concrete supplied by a local supplier, with a 10 mm maximum aggregate size and a 120 mm 
slump was used for casting the specimens.  Both specimens were cast horizontally rather than vertically as in a 
real building construction. The formworks were made from plywood and were screwed together with timber and 
aluminum bars. Specially shaped foams were bonded to the formworks to generate round corners for the beams 
and for the segmental circular concrete covers. The images of the formworks before casting are shown in Figure 
2 and 3. 
 
The concrete used in constructing Specimen TR had compressive strength on the day of the test of fc’ = 49 MPa 
while that value for Specimen TS and the concrete covers was 50 MPa. The average yield stresses of the steel 
bars N16, N12, R10 were 550, 551 and 322 MPa, respectively, while their average ultimate stress were 647, 654 
and 485 MPa, respectively. Unidirectional CFRP was used to upgrade the T connections. The type of CFRP 
used in this study was Carbon-uni-fabric sheet with nominal fiber thickness tf = 0.167 mm, ultimate strain εfu 
=1.8% and elastic modulus Ef = 230 GPa. 
 
Test set-up 
 
A steel frame was used to test the specimens. The connections were tested in the column vertical position. Two 
restrainers placed at distance of 2200 mm were provided to take the horizontal forces near the top and bottom 
 
 
ends of the column. No compression load was applied on the columns to evaluate the worst-case circumstance 
of the connections. The vertical cyclic load was applied at the free end of the beam (1100 mm from the column 
face) using a 600 kN hydraulic actuator. The cyclic load was applies slowly with deflection rate of 5 mm per 
minute and the beam’s free end displacement was controlled. The amplitudes of the peaks in displacement 
loading history were ranged from 10 mm to 90 mm with 10 mm steps. The schematic representation and the 
cyclic loading history of the experimental setup is shown in Figure 4 and 5, respectively. 
 
 
Figure 2. The T connection before casting concrete 
 
Figure 1. Reinforcement details of Specimens TR 
and TS (all dimensions in mm) 
Figure 3. The segmental circular formwork 
 
 
 
Figure 4. Schematic of test setup 
(all dimensions in mm) 
 
Figure 5. Cyclic loading history 
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Instrumentation 
 
One load cell was installed on the cyclic load actuator to measure the beam tip loads. A linear variable 
differential transducer (LVDT 1) was placed at the bottom face of the beam at a distance of 1100 mm from the 
beam-column interface to measure the beam end deflection. The rotation of the beam and the column were 
measured by one inclinometer and two LVDTs ( LVDT 2 and 3). The inclinometer was placed on the beam at 
the beam-column interface and two LVDTs were placed on the column at distances of 300 mm from the top and 
bottom faces of the beam (Figure 4). 
 
 
 
Figure 6. Position of strain gauges 
 
A total of 37 strain gauges were installed on each specimen to measure the variation of the strains of the steel 
reinforcement and CFRP during the tests. The location of the strain gauges on a specimen is shown in Figure 6. 
Ten strain gauges (Strain gauges 1-10) were installed on the column longitudinal reinforcement at the level of 
the upper and lower surfaces of the beam. Four strain gauges (Strain gauges 11-14) were installed on the top and 
bottom reinforcement of the beam, at the location of beam-column interface. Three rows of strain gauges, 4 
strain gauges at each row, were installed on the CFRP at the joint. The first row located at a distance of 40 mm 
below the top of the beam. Starting from the extension of axis ox, four strain gauges were installed at 450 angles. 
An identical arrangement was used for the installation of strain gauges on the second and the third rows, which 
were located at distances 150 and 260 mm, respectively, from the top of the beam. On the front face of the 
beam, three rows, 3 strain gauges each rows, were installed on the CFRP at distances of 50, 150, 200 mm from 
the beam-column interface. 
 
Strengthening Specimens TS 
 
Before the strengthening process was conducted, the column concrete surfaces at the joint and the segmental 
circular concrete covers were firstly ground using an electric grinder and then cleaned by air blasting to ensure 
ensure smooth contacts surfaces. For Specimen TS, the strengthening process included six steps. In the first 
step, three 900 mm long segmental circular concrete covers were glued onto three faces of the column using a 
mix of epoxy resin and 20% thickener. Next, two 222 mm wide CFRP vertical layers were wrapped onto two 
opposite faces of the segmental circular concrete covers for a distance of 900 mm, parallel to the column 
longitudinal axis. After that, two CFRP layers were wrapped around the column for the width of the joint (300 
mm). These two layers were extended 300 mm into the length of the beam. The strengthening process continued 
in the fourth step with the application of two 200 mm wide CFRP layers around the beam of the specimen as 
close as possible to the face of the column. Then, two more layers of 100 mm wide CFRP were wrapped around 
the beam, once again as close as possible to the column face to provide further anchorage. An overlap of 100 
mm was applied for all the wrapped CFRPs. In the fifth step, two 300 mm long segmental circular concrete 
covers were glued onto the face of the column adjacent to the beam using a mix of epoxy resin and a thickener 
as was done in the first step. Finally, two CFRP layers (300 mm wide) were wrapped around the modified 
column, both above and below the beam. Figure 7 shows the images of the specimen at completion of the major 
steps during retrofitting process. 
 
  
 
 
Repairing Specimens TR 
 
Specimen TR was put in the loading frame, the ends of the column were restrained and the hydraulic actuator 
was connected onto the beam’s free end to create a 53 mm vertical deflection at the beam free end. It made a 
serious damage at the joint location. The failed joint was then taken out from the frame for repair.  The crack 
patterns of the failed joint before repair are shown in Figure 8. Diagonal cracks at the joint core region were 
developed and opened widely. These cracks connected with bond-splitting cracks along the column longitudinal 
bars to cause a serious failure of the connection. The bond-splitting cracks extended relatively far from the joint 
area, approximately 320 mm and 100 mm from the top and bottom faces of the beam, respectively. Small beam 
and column flexural cracks occurred at the top corner of the beam-column joint. No noticeable flexural cracks 
were observed at the upper and lower parts of the column and at the beam. 
 
Epoxy resin was used to fill into the cracks. It was firstly dumped on the front face of the joint for leaking freely 
into the cracks. The epoxy was supplied continuously on the crack surface until no more epoxy resin could leak. 
The epoxy filling process was carried out slowly to ensure that most of the cracks were fully filled with epoxy 
resin. The filled epoxy was cured for forty-eight hours before the connection was rotated 1800 to fill epoxy for 
the back surface. An identical procedure was applied for filling epoxy in the back surface. After filling epoxy, 
the connection was strengthenned using concrete covers and CFRP. The strengthening configuration of 
Specimen TR was exactly the same as Specimen TS. 
 
 
 
The connection after 
completion of step 1 
 
The connection after 
completion of step 4
 
The connection after 
completion of step 5
 
The connection after 
completion of retrofitting
 
Figure 7. Retrofitting Specimens TS  
 
 
(a) Front face of the joint 
 
(b) Back face of the joint 
 
Figure 8. Crack patterns of the joint before repairing 
 
EXPERIMENTAL RESULTS 
 
Behaviour of the specimens 
 
The beam tip load-deflection relationship of Specimen TS, is shown in Figure 9a. In the first cycle of loading, 
no obvious cracks was occurred. Small flexural cracks were occurred on the columns and the beam outside the 
Beam 
Column Column
Beam 
 
 
retrofitted area in the second loading cycle. The beam reinforcement started to yield at peak load of the second 
loading cycle, corresponding to beam tip load of approximately Py = 56 kN. The load continued to increase in 
the third and the fourth loading cycles. In the third loading cycle, when beam tip displacement was larger than 
25 mm, crack sounds which may have been caused by debonding and/or rupture of CFRP were recorded. The 
top and bottom parts of the horizontal CFRP layers around the joint started to break along the vertical lines at 
the beam-column interface at load higher than 70 kN in the third loading cycle. The maximum load of average 
80.7 kN was recorded at peak of the fourth loading cycle. Relative high loads were maintained in the next two 
loading cycles before degradation in strength occurred slowly in the loading cycles 7-9. The load sustained by 
the specimen reduced to 62% of the maximum load in the ninth loading cycle. Debonding of the horizontal 
CFRP around the joint occurred in a small area at the beam-column interface in loading cycles 4-7. However, 
the debonding area was eliminated effectively by the transverse anchorage and the connection was failure 
followed by rupturing of all the horizontal CFRP along a vertical line at the beam-column interface. The beam 
flexural cracks were developed and opened wide at the beam-column interface following the rupture of the 
horizontal CFRP. The failure of the Specimen TS at some testing states is shown in Figure 10 where a ductile 
failure mode, which caused by flexural failure in the beam was illustrated. 
 
(a) TS  (b) TR 
Figure 9. Beam tip load-deflection relationships
 
 
     
(a)  Rupture of CFRP  starting at the 
peak of the third loading cycles 
(b) Rupture of CFRP  at the 
peak of the 7th  loading cycles 
(c) The final failure of the 
connection 
Figure 10. Failure of Specimen TS at some testing states  
 
The beam tip load-deflection relationship of Specimen TR is shown in Figure 9b. The observed response of 
Specimen TR was similar to that of Specimen TS but with an approximate 10% reduction of load was recorded. 
The average maximum load of Specimen TR was 72.4 kN which occurred at the peak of the fourth loading 
cycle. Debonding area and rupture of CFRP were developed similar to that of Specimen TS. The significant 
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difference between the responses of the two specimens is that, in the 7th loading cycle, the peak loads fell rapidly 
on Specimen TR while they reduced slowly on Specimen TR. At the ninth loading cycle, the load sustained by 
the Specimen TR reduced to 52% of the maximum load. The failure of the Specimen TR at some testing states is 
shown in Figure 11. Similar to Specimen TS, it shows that the joint was experienced a beam flexural failure 
mode. 
 
     
(a)  Rupture of CFRP  starting at the 
peak of the third loading cycles 
(b) Rupture of CFRP  at the 
peak of the 7th  loading cycles 
(c) The final failure of the 
connection 
Figure 11. Failure of Specimen TS at some testing states  
 
Strains of CFRP 
 
As mentioned above, the efficiency of the suggested CFRP anchorage system and the CFRP confined stress 
were two important aims of the experimental study. The response of the anchorage CFRP was examined to 
evaluate their ability to delay debonding. The behavior of the horizontal CFRP layers around the joint was used 
to evaluate CFRP confinement effect.  The strains of the CFRP around the joint and around the beam were 
measured by Strain Gauges 15 to 37 (Figure 6), installed on each specimen. The measured data from these strain 
gauges showed that the variation of CFRP strains in Specimen TS and TR was identical. 
  
The recorded strains of CFRP on Specimen TS at some locations at the positive peaks of the loading cycles from 
1st to 6th are shown in Figure 12. From this figure, it can be seen that CFRP was mostly tensile during the test 
and the concrete at the joint was affected by relatively high confined stress. The horizontal CFRPs near the back 
of the column had smaller strains than the horizontal CFRP near the beam-column interface. At the peak of the 
3rd loading cycle, when the top of the horizontal CFRP layers started to break along a vertical line at beam 
column interface, Strain Gauges 26 recorded a maximum strain of 0.58%. This value was approximately 32.4% 
of the CFRP ultimate strain measured from coupon tests. 
 
Although the horizontal CFRPs at the location of strain gauge 22 (Figure 6) started and developed debonding 
from the peak of the 3rd loading cycle, their strains was still maintained in the 4th and 5th loading cycles.  
Moreover, strains of anchorage CFRP recorded from Strain Gauges 27, 28 and 29 at peaks of the loading cycles 
3,4,5,6 were highly maintained. These results proved that the CFRP anchorage worked effectively to delay 
debonding and thus increased the effectiveness of the horizontal CFRP. Interestingly, the strains of the 
transverse anchorage CFRPs recorded from Strain Gauges 31, 32, and 33 were very low compared to the strains 
recorded from Strain Gauges 27, 28 and 29 at the same loading cycles.  These results showed that the CFRPs 
anchorage wrapped close to the beam-column interface were more effective than the CFRPs anchorage far from 
beam-column interface. 
 
DISCUSION 
 
Energy dissipation and stiffness comparison 
 
One of the most important criteria for the behavior T connections under cyclic load is the dissipated energy. The 
computed energy dissipation, which is equal to the area under the load versus deflection, at every negative and 
positive loading cycle for Specimens TS and TR is shown in Figure 13. From this figure, it can be seen that, at 
the first six loading cycles, the difference in energy dissipation of Specimens TS and TR was insignificant. 
However, at the latter loading cycles, this difference was increasing and at the final loading cycle, energy 
Break of 
CFRP 
 
 
dissipation of Specimen TS was approximately 12% higher than Specimen TR. This difference can be caused by 
the deterioration of Specimen TR as it had a serious failure before being repaired. At the early loading cycles 
when CFRP was not ruptured, the CFRPs contribution on resisting loading was full. Thus, the difference in 
energy dissipation of the two specimens is low. However, at latter loading cycles when the horizontal CFRP 
layers were gradually ruptured, the horizontal CFRP contribution reduced slowly to zero and thus the difference 
in energy dissipation was increase.  
 
 
 
Figure 12. Strains of externally CFRP 
 
Stiffness of the examined connections, which is the ratio between the beam tip load and beam end deflection, is 
calculated and shown in Figure 14. Similar to energy dissipation, stiffness of the Specimen TS is slightly higher 
than Specimen TR at early loading cycles and significantly higher at later loading cycles. 
 
Displacement ductility  
The displacement ductility index μ suggested by Li et al. (2002) was used to evaluate the improvement in 
ductility of the two retrofitted connections. The expression for displacement ductility index is shown in Eq. 1: 
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Δ
Δ
=μ  (1) 
where Δu is the deflection corresponding to a 10% strength degradation of the maximum strength (PMax) of the 
specimen and the yield deflection  Δy is the deflection corresponding to the first yielding of the longitudinal 
beam reinforcements. Using Eq. 1, the ductility indexes of Specimen TS and TR reached the values of 3.6 and 
2.6, respectively. 
 
Figure 13. Energy dissipation of Specimen TS and TR Figure 14. Stiffness of Specimen TS and TR 
 
CONCLUSION  
 
The repair and strengthening method presented in this study included modifying the column at the joint from a 
square to a circular connection by using concrete covers and then application of CFRP sheets. Experiment 
results have shown that the repair and the strengthening method improved the seismic performance of two RC T 
connections. The main objective of this study was to improve shear strength and ductility of the undetailed RC T 
connections so that the failure could be caused by forming flexural hinge at the beam. This goal was achieved 
by applying the proposed method. The concrete covers glued on the column increased the volume of the joint so 
that increase its shear strength. Moreover, they also help in increasing the effectiveness of the wrapped CFRP by 
producing large confined stress at the joint core and reducing debonding possibility. The vertical and horizontal 
CFRP sheets acted like ties so that it can carry tensile forces inside the joint area as in strut-and- tie mechanism. 
The concrete was well confined so that crushing of concrete at the joint was delayed and did not occur. 
Moreover, the transverse anchorage CFRP used in this study effectively have eliminated debonding of CFRP 
from concrete surface. As a result, both specimens failed by the rupture of horizontal CFRP layers at beam-
column interface. This failure mode is certainly more ductile than the joint shear failure mode occurred in the 
original specimen.  
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